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In this work, we demonstrate an innovative approach, combing a novel active screen plasma (ASP)
techniquewith green chemical synthesis, for a direct fabrication of uniformPt nanowire arrays on large-area
supports. The ASP treatment enables in-situ N-doping and surface modification to the support surface,
significantly promoting the uniform growth of tiny Pt nuclei which directs the growth of ultrathin
single-crystal Pt nanowire (2.5–3 nm in diameter) arrays, forming a three-dimensional (3D)
nano-architecture. Pt nanowire arrays in-situ grown on the large-area gas diffusion layer (GDL) (5 cm2) can
be directly used as the catalyst electrode in fuel cells. The unique design brings in an extremely thin
electrocatalyst layer, facilitating the charge transfer and mass transfer properties, leading to over two times
higher power density than the conventional Pt nanoparticle catalyst electrode in real fuel cell environment.
Due to the similar challenges faced with other nanostructures and the high availability of ASP for other
material surfaces, this work will provide valuable insights and guidance towards the development of other
new nano-architectures for various practical applications.
P
t-based nanostructures have been extensively investigated owing to their outstanding activity for various
catalysis applications, especially for oxygen reduction reaction (ORR) and methanol oxidation reaction
(MOR) in polymer electrolyte fuel cells (PEFCs)1–3. For current low-temperature fuel cells, the sluggish
cathodic ORR results in the using of a high loading of expensive Pt electrocatalysts tomitigate the negative effects.
The conventional state-of-the-art electrocatalysts are carbon supported Pt nanoparticles (diameters of 2–5 nm).
To reduce the cost, in the past decade, many alternative non-precious metal or even metal-free electrocatalysts
have been reported, e.g. N-doped carbon based and iron-based electrocatalysts, but very few of them are on a
competitive level with Pt4–10. Besides the high cost, the poor durability due to Pt dissolution/agglomeration and
carbon support corrosion in nanoparticle electrocatalysts also results in a short lifetime. To this end, designing
highly efficient novel nanostructures with advanced nanotechnologies, the development of high-performance Pt
electrocatalysts and optimisation of the fabrication of catalyst electrodes therefore become active areas of
research11–15. Among various novel nanostructures, one-dimensional (1D) single-crystal Pt-nanowires have been
demonstrated as an excellent new type of fuel cell electrocatalysts due to their excellent catalytic activity and
stability induced by non-isotropy structures and special surface properties16–20. The synthesis of single-crystal Pt-
nanowires has also been demonstrated by Xia et al11,17 and Sun et al16,21,22 with wet chemical process. However, due
to the strict synthesis process required for the delicate control of Pt reduction kinetics, a large-area direct
fabrication of uniform Pt nanowires on electrodes remains a grand challenge for practical applications18,23,24.
It has been well accepted that plasma surface modification is an innovative and economical technology to
modify component surfaces before further processing; and among different plasma techniques, active screen
plasma (ASP) could provide more efficient activation to an object with complex surfaces25–27. Furthermore, the
ASP activation only modifies a very thin top layer, usually 5–50 nm, and the material removal rate due to the
plasma polishing is also very low. Consequently, the dimensions and bulk features of the materials are kept
intact26,28. Thus, the ASP could be a highly suitable technique for tailoring large-area support to achieve an ideal
physical surface for Pt-nanowire synthesis.
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In this work, the ASP activation was employed to achieve a direct
large-scale surface modification to the fuel cell gas diffusion layers
(GDLs). The nitrogen (N)-doping, and functional groups introduced
on the support improved the surface physical properties and facili-
tated the formation of uniformly distributed tiny nuclei. Then, by
tuning the growth reaction kinetics of the chemical synthetic process,
we demonstrated a novel three-dimensional (3D) nano-architecture
with Pt-nanowire arrays in-situ grown on the large-area GDL support.
A much enhanced electrocatalytic activity was observed for this 3D
nano-architecture in fuel cell environment, which could be attributed
to the uniform distribution of ultrathin single-crystal Pt-nanowire
arrays in the extremely thin electrocatalyst nano-architecture.
Results
To achieve a precise control of Pt-nanowire growth, a particular
method developed by Sun et al.16,21,22 was chosen for this work. This
method of using formic acid as reducing agent to grow Pt nanowires
is very attractive due to its simplicity and easy control. The reaction
was undertaken at room temperature, where a very low reduction rate
of Pt ions favours the growth of {111} planes and therefore leads to the
formation of Pt-nanowires. When GDL is introduced as a direct
support, the rough surfaces of carbon-nanospheres contacted with
solution could serve as primary sites for Pt nucleation29,30. However,
as most other supports, the carbon-nanosphere surface is inert, which
is usually required to be activated when used as catalyst support2,31.
Consequently, on the pristine support surface, Pt nuclei could only
form on the very limited sites, finally resulting in a non-uniform Pt-
nanowire growth on the support surface (Figure 1). It can be seen that
there are many huge aggregates formed, which have a diameter of ca.
1 mm or even larger, providing little contribution to the catalytic
ability. Finally, only short Pt-nanowires were obtained with a low
surface coverage on carbon nanospheres, and most of them also
assembled to 3D superstructures with a size of 50–200 nm, as shown
in SEM and TEM images in Figure 1b–d. The short Pt nanowires in
superstructures have a diameter of ca. 4 nm in average and this is
consistent with those reported in literature21,22. In this case, these non-
uniform Pt-nanowires will result in a low Pt utilization and a poor
catalytic performance could be expected.
In order to achieve highly active support surface, the active screen
plasma (ASP) treatment was conducted to the 5 cm2 GDL in a gas
mixture of H2/N2 at 120uC for 10 min. Figure 2a displays XRD
patterns for the pristine and ASP activated GDLs. Nearly identical
peaks were obtained for two GDL supports, confirming the only
surface improvement feature of this technique without altering the
bulk structure. To further investigate the activation role of the ASP
treatment to the support surface, a comparison was conducted by
XPS analysis to the sample before and after the activation (Figure 2b–
j). The main contribution from this ASP activation is functional
groups formed on the GDL surface, e.g. C-N, C5N, C;N and O-
H, as shown by the XPS survey, N1s, C1s and O1s spectra. After the
ASP activation, an obvious N1s peak appeared at 400.3 eV for the
activated support surface (Figure 2b and d), as also been suggested by
the appearance of C-N/C;N peak in C1s spectrum (Figure 2f), indi-
cating the incorporation of nitrogen (N)-containing groups32,33,
whereby the overall nitrogen content is ca. 6.2% (Table S1). This
nitriding of the surface could significantly improve the Pt nucleation
on the surface. It could provide more defects on the carbon nano-
sphere surface, thus confining the Pt atoms to form tiny nuclei and
further leading to the anisotropic growth of ultrathin Pt-nanowires
with a smaller diameter34. The ultrathin Pt-nanowires possess rela-
tive larger specific surface area, providing better activities in catalytic
reactions. Furthermore, regarding the carbon-nanosphere support
itself, the N-doping changes its electronic band, thus giving itself
extra catalytic activity in catalysis reactions6,35. Another role of this
N-doping is that the incorporation of N-containing groups leads to a
high surface activity, enabling a better contact between the support
surface and the reaction solution, thus facilitating the formation of a
large amount of nuclei on support surface. Besides the N-containing
groups, the O-H functional group was also detected at 532.3 eV in
the O1s spectrum (Figure 2h), which will also contribute to the
improvement of the surface activity. Another new component also
appeared at 530.7 eV in the O1s spectrum, corresponding to oxygen
atoms in iron-oxide contamination from the ASP activation33. The
trace amount of iron-oxide could be easily removed in the acid
environment during the following Pt-nanowire growth process and
thus had very little influence on the final catalytic properties36;
Another benefit for this special GDL support might come from the
partially removing of PTFE from the surface indicated by the decline
of the F1s spectra at 689.9 eV (Figure 2i–j) and the C1s spectrum for
PTFE at 292.6 eV due to the CF2-groups in the polymer chains
(Figure 2e and f)37. This will also enhance the surface activity in some
degree.
The SEM images of Pt-nanowire arrays in-situ grown on a 5 cm2
ASP activated GDL support are shown in Figure 3a–c. It can be seen
that uniform Pt-nanowire arrays were obtained through the entire
GDL support surface. Pt-nanowire arrays follows the ups and downs
along the carbon nanosphere surface, forming an extremely thin 3D
nano-architectured catalyst layer. The obtained Pt-nanowires had a
length of about 50–200 nm. Figure 3d–f further shows TEMandHR-
TEM images of these Pt nanowires. All of the Pt nanowires projected
randomly outwards from the support surface. They had a small
diameter of 2.5–3 nm,with a lattice spacing of 0.23 nm, which agrees
with that of {111} planes of the bulk Pt crystal, indicating the single-
crystal feature of these Pt-nanowires growing along the,111. dir-
ection. XRD analysis (Figure S1) confirmed the face-centered-cubic
(fcc) structure of these Pt nanowires11,22,38.
The practical catalytic activities of the as-prepared 3D nano-archi-
tectured catalyst electrode with Pt-nanowire arrays were tested
directly as cathodes in direct methanol fuel cells (DMFCs). The
reason for choosing DMFC rather than hydrogen/air PEFC is that
amuch higher Pt loading (e.g. 4 mg/cm2) is usually needed in DMFC
cathode than that in PEFC cathodes (0.4 mg/cm2 or even less). An
effective reducing of the Pt amount in DMFCs will be much prom-
inent in lowing the catalyst cost. The as-prepared 3D Pt nanowire
Figure 1 | Images of Pt-nanowires grown on a pristine gas diffusion layer
(GDL). (a,b) SEM images at two different magnifications. (c,d) TEM
images of the Pt-nanowire superstructures formed on the pristine GDL
surface.
www.nature.com/scientificreports
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nano-architecture withGDL support was used directly as the cathode
for the fabrication of the membrane electrode assembly (MEA). For
comparison, a MEA with a conventional state-of-the-art Pt nano-
particle cathode (Johnson-Matthey, 4.0 mgPt/cm2) was also fabri-
cated simultaneously using the same procedure. TEM images of
the Pt nanoparticles in the conventional cathode are shown in
Figure 4. The Pt nanoparticles have a primary diameter of ca.
4 nm in average, with light aggregation. The electrochemical surface
area (ECSA) of the nanoparticle and nanowire electrodes is com-
pared by electrode cyclic voltammetry (CV) analysis in DMFCs
(Figure 5a). The different shapes of the hydrogen under-potential
adsorption and de-sorption (H-UPD) peaks observed between 0 and
0.4 V reveal the different Pt exposure crystal facets between Pt nano-
wires and nanoparticles. Furthermore, Pt-nanowire electrode
showed a Pt oxide reduction peak at a much higher potential than
Pt-nanoparticle electrode (0.78 versus 0.71 V), revealing a weaken-
ing of the bond between oxygen containing species and the Pt surface
on Pt nanowires, a property linked to the increased ORR perform-
ance. After normalization by the Pt mass, very close ECSAs were
obtained for both electrodes, which are 25.4 m2/g for the Pt-nano-
wire electrode and 25.8 m2/g for the Pt-nanoparticle one, respect-
ively. The similar ECSA of the two electrodes agrees well with the
different morphologies and sizes of the ultra-thin single-crystal Pt
nanowires and the conventional Pt nanoparticles.
As we know, compared with Pt nanoparticles, single-crystal Pt-
nanowires possess many morphological advantages, including i) the
preferred,111. growth direction results in a preferential exposure
of certain crystal facets. It has been confirmed that the different low-
index surfaces have markedly different activities, e.g. the change in
activity between the least active (100) and the most active (111)
surfaces being greater than an order of magnitude39; ii) fewer surface
defects borne by the nanowires which have a closer resemblance to
the surface of large single Pt crystals that exhibit even higher ORR
specific activities21. Furthermore, this smooth atomic surfaces with Pt
nanowires have a smaller number of low coordination atoms as
compared with those of Pt nanoparticles, thus possess a reduced
interaction with OH species. This is also confirmed by the higher
Pt oxide reduction peak in the CV analysis here (Figure 5a). Because
the adsorbed OHad species on the Pt surface could block the active
surface for O2 adsorption and thus have a negative impact on the
ORR, these single-crystal Pt nanowires with a lower coverage of
OHad species help improve the ORR kinetics, finally leading to
enhanced activities40; and iii) the anisotropic 1D morphology of Pt
nanowires can improve mass transport and catalyst utilization by
facilitating the reaction kinetics and improving the O2 diffusion to
Pt surface41. In this case, considering the similar ECSA but the unique
properties of the single-crystal Pt-nanowires, a higher catalytic per-
formance was as expected for the 3D Pt nanowire nano-architecture.
Figure 2 | XRD and XPS patterns of GDL supports. (a) XRD patterns of GDL supports before and after the ASP activation. (b) XPS survey, (c,d) N1s,
(e,f) C1s, (g,h) O1s, and (i,j) F1s spectra of the support GDL surfaces. (c,e,g,i) pristine GDL support and (d,f,h,j) the ASP activated GDL support.
www.nature.com/scientificreports
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The polarization curves for MEAs are shown in Figure 5b. With
only half the Ptmetal loading, 2 mgPt/cm2, the as-prepared 3D nano-
architectured electrode exhibited a comparable power density than
the Pt-nanoparticle one with a Pt loading of 4 mgPt/cm2. At 0.4 V—
the practical operating voltage of DMFCs — the power density is
64 mW/cm2 for the Pt-nanowire electrode, which is 36% higher than
47 mW/cm2 of the Pt nanoparticle electrode at a double Pt loading.
At a larger current density and the lower operating voltage, this
improvement became much prominent. But, at a high-voltage range
above 0.53 V, the Pt-nanowire electrode showed a slightly lower
current density, which could be contributed to the better kinetics
of a larger Pt loading in the Pt-nanoparticle electrode42,43. To further
understand the role of the ASP-treated GDL support in the Pt
nanowire electrode, a MEA was also fabricated with the empty
ASP-treated GDL as the cathode, but free of Pt nanowires. The
polarization curve is also included in Figure 5b. It can be seen that
even without Pt catalysts, the electrode still shows some ORR per-
formance itself. A power density of 0.6 mW/cm2 is obtained at 0.4 V,
which should be attributed to the N-doping carbon-nanosphere sur-
face in the GDL. However, compared with Pt nanoparticle and Pt
nanowire electrodes, this power value is extremely smaller.
Discussion
Based on this 3D nano-architectures with uniform Pt-nanowire
arrays in-situ grown on the large-area GDL support, we achieved a
true high performance catalyst electrode in practical applications.
The enhanced activities of the 3D nano-architectures compared with
conventional Pt-nanoparticle electrodes could be due to several fac-
tors, including:
i) The ASP activation introduces various functional groups, e.g.
C-N, C5N and O-H on the support surface (Figure 2), which
facilitate the formation of Pt nuclei thus enabling a uniform
growth of Pt-nanowire arrays on the support surface
(Figure 3). This nano-architecture effectively reduces the huge
aggregates formed in the catalyst layer thus improving the
catalyst utilisation;
ii) The ASP nitriding process introduced N-doping and more
defects to the support surface. These defects confine the Pt
atoms in reaction to form small nuclei, resulting in the growth
of ultrathin Pt-nanowires with diameters of 2.5–3.0 nm
(Figure 3). The reduced diameter increases the metal surface
area, leading to an ECSA as large as that of Pt-nanoparticles in
the state-of-the-art commercial electrodes.
iii) The electrocatalyst layer consisting of only Pt-nanowire arrays
has an extremely small thickness. The extremely thin catalyst
layer with ordered Pt-nanowire arrays effectively reduces the
transfer path of electrons and protons going to the reaction
site and out of the catalyst layer, bringing in a higher catalyst
utilization; furthermore, this 3D nano-architecture signifi-
cantly reduces the mass transfer resistance within the thin
catalyst layer, which becomes predominant in particular at a
large current density range (Figure 5b)13,14;
iv) As mentioned above in results, the single-crystal effect of
Pt-nanowires as compared with Pt nanoparticles, such as
preferred ,111. growth direction, 1D morphology41, the
preferential exposure of certain crystal facets39, fewer surface
defects21 and the reduced interaction with OH species40, con-
tributes to the enhanced ORR activities and CO tolerance in
DMFCs.
The ASP activation technique and the post chemical growth pro-
cedure are both highly scalable and eco-friendly, together with the
high performance obtained, which offer the great potential of these
Figure 3 | Images of Pt-nanowires grown on theASP-treatedGDLs. (a–c) SEM images of a 3D nano-architectured catalyst layer with Pt-nanowire arrays
in-situ grown on the ASP activated GDL support surface, at three different magnifications. The support area is 5 cm2. (d–f) TEM andHR-TEM images of
Pt-nanowires in the nano-architectured catalyst layer. (f) shows a HR-TEM image of the part specified by the white square in (e), indicating the
single-crystal nanowires with the growth direction along the ,111. axis.
Figure 4 | TEM images of Pt nanoparticles in the conventional catalyst
electrode (Johnson-Matthey DMFC cathode).
www.nature.com/scientificreports
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catalyst electrodes for practical applications. Furthermore, many
other nanostructures, e.g. N-, or S-doped CNTs or graphene, aniso-
tropic metal and metal oxide nanostructures, face similar challenges
as Pt-nanowires in practical applications, in addition with the high
availability of the active plasma screen treatment for most materials
surface, therefore, our understanding gained here could provide
valuable insight towards the design of new nano-architectures from
other types nanostructures for various catalysis applications.
Methods
Materials. All chemicals were used as received without any further purification.
Sulphuric acid (H2SO4), hydrogen peroxide (H2O2), tetrahydrofuran (THF), ethanol
(C2H6O), hydrogen hexachloroplatinic acid (H2PtCl6?6H2O, 99.95%) and formic
acid (CH2O2, 98%) were purchased from Sigma-Aldrich. SIGRACETH GDL 35BC
was used as the direct GDL support for growing Pt-nanowires. Johnson-Matthey
(JM)DMFC cathode (Pt nanoparticles, 4 mgPt/cm2) and Anode (4 mgPtRu/cm2) from
Alfa Aesar were taken as the commercial state-of-the-art electrodes. NafionH 117
membrane and DE 1021 (10 wt%) ionomer solution were used as received from Ion
Power. All aqueous solutions were prepared with ultra pure water (18.2 MV.cm)
from a Millipore water system.
Active screen plasma (ASP) activation. SIGRACETH GDL 35BC carbon paper was
used as the direct support for growing Pt-nanowires. The carbon paper was cut to
5 cm2 pieces, the same size used in fuel cell testing. The ASP activation was conducted
in an active screen plasma system converted from a direct current (DC) plasma
nitriding furnace (40 kW, Klo¨ckner Ionon), the details of which can be found
elsewhere33. A gasmixture of 25%N2 and 75%H2was used for the treatment.When a
cathodic potential of about 500 V was applied to a stainless steel mesh screen
surrounding the working table at a floating potential, plasma was formed on the
screen to activate the carbon papers on the working table at 120uC for 10 min under
2 mbar (200 Pa).
Pt-nanowire growth. Typically, to grow Pt-nanowires on a GDL surface, the pristine
or ASP activated carbon paper pieces were first cleaned by sonication in ethanol
aqueous solutions (5 vol%), and then immersed in an aqueous solution of H2PtCl6
and formic acid at room temperature. Normally, for the growth of 2 mg/cm2 Pt-
nanowires, 26.5 mg H2PtCl6?6H2O (10 mg Pt, 2 mg/cm2 on a 5 cm2 GDL) and
0.80 ml formic acid were added to 32 mL water. The samples were stored at room
temperature for 72 hours. After completion of the growth of nanowires on the
substrates, the samples were rinsed with water and dried overnight at 40uC. The Pt
loading of 2 mg/cm2 was controlled by monitoring the Pt precursor mass versus the
support area. The carbon paper with in-situ grown Pt-nanowire arrays was used
directly as catalyst electrode in DMFC testing below.
Membrane electrode assembly (MEA) and single cell fabrication. NafionH 117
membrane was pre-activated by boiling for 1 hour in 3% H2O2, water, 0.5 M H2SO4
and water, respectively. Then the as-prepared Pt-nanowire electrodes were assembled
as cathodes with NafionH 117 membranes to produce MEAs with commercial JM
anodes (4 mgPtRu/cm2), onto which a thin layer of Nafion ionomer was painted using
an IPA solution of NafionH DE 1021 (volume ratio of DE 1021 to IPA 5 152)
followed by drying for 1 hour at room temperature. The electrodes were then hot-
pressed against the membrane at 135uC for 2 min under a pressure of 50 kg/cm2. For
comparison purposes, MEAs were simultaneously fabricated with NafionH 117
membrane and commercial Pt-nanoparticle cathode (JM, 4 mgPt/cm2) and anode, as
well as a one with empty ASP-treated GDL as cathode. The hard Teflon film with a
thickness of 254 mm was used as gasket material in the DMFC hardware. The MEA
was sandwiched between two graphite flow field plates to form a single cell with an
active electrode area of 5 cm2.
Electrochemical characterization. Cathode cyclic voltammetry (CV) and single-cell
test were carried out at 75uC. CV was recorded with the cathode fed with ultra-pure
water at 1 mL/min, and the anode fed with non-humidified hydrogen at a flow rate of
100 sccm serving as both reference and counter electrode, also designated as a
dynamic hydrogen electrode (DHE). Then the cathode potential was cycled between 0
and 1.2 V versus DHE at 20 mV/s for 5 cycles, and the fifth cycle was recorded. Single
cell testing was performed by obtaining polarisation curves using an EZstat-Pro
system with the maximum current of 1 A. The anode was fed with 1 mol/L methanol
at a flow rate of 1 mL/min. The cathode was fed with non-humidified air with a flow
rate of 100 sccm without backpressure. Then the cell voltage was looped between
0.25 V and OCV at 3 mV/s for 5 cycles, and the fifth cycle was recorded.
Physical characterization. Scanning electron microscopy (SEM) analysis of the as-
prepared nano-architectures was performed with a field emission scanning electron
microscope (FE-SEM, JEOL 7000F, operating at 20 kV). High-resolution
transmission electron microscopy (HR-TEM) images were recorded on a FEI Tecnai
F20STmicroscope operating at 200 kV. Samples for TEMwere prepared by scraping
the top layer off the GDE pieces, dispersing in ethanol, and placing a drop of the
dispersion on a Cu grid covered with carbon film. X-Ray diffraction (XRD) patterns
were obtained with a Siemens 5005 X-ray diffractometer using CuKa radiation at l5
1.5418 A˚. X-Ray photoelectron spectroscopy (XPS) characterization was performed
on an XPS spectrometer (VG Escalab 250) by using a high intensity monochromated
Al Ka source.
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